ABSTRACT Echocardiographic assessment of right ventricular size, global function, and regional wall motion was performed in 29 normal infants and 19 infants with transposition of the great arteries 1 to 41 months after they underwent the Senning procedure. Sixteen of the patients with transposition of the great arteries were in clinically good condition and three had congestive heart failure. The right ventricular endocardial surface was digitized frame by frame for a complete cardiac cycle in both subxiphoid long-axis (coronal plane) and short-axis (parasagittal plane) views, and the cross-sectional area and the area change fraction (AF) were calculated. In each plane the right ventricular wall was subdivided into four anatomic regions (infundibular, free wall, diaphragmatic,and septal). With the use of a floating point center of mass model the direction and average extent of motion of the endocardium was determined for each region. In normal infants the infundibular and free wall portions of the right ventricle exhibited the greatest inward motion and the septal segments the least inward motion. Although the maximal area in both long-axis (r = .85) and short-axis (r = .85) views was highly correlated with body surface area (BSA), neither global nor regional function was significantly correlated with age or BSA. In clinically well patients after Senning procedure regional right ventricular function followed an entirely different pattern than that seen in normal infants. The endocardium of the septal segments showed the greatest inward motion in systole. In contrast to those in normal infants, maximal and minimal cross-sectional areas did not correlate significantly with BSA. The mean AF was not significantly different from that in normal subjects, although both end-diastolic and end-systolic cross-sectional areas were significantly larger, even when adjusted for body surface area. The three postoperative patients with congestive heart failure had dyskinetic areas in free wall and septal segments. In two of the three patients the cross-sectional area of the right ventricle was enlarged compared with that in the postoperative patients without congestive heart failure. The AF was reduced in all three patients. Analysis of right ventricular regional wall motion and calculation of AF provide new information concerning the manner in which the right ventricle adapts to the systemic workload and may provide clues to the mechanics of right ventricular dysfunction. Documentation of the normal pattern of right ventricular wall motion permits recognition and quantification of regional and global dysfunction. Circulation 72, No. 5, 1008-1014, 1985 
numerous articles have appeared describing the analysis of regional wall motion of the left ventricle and applying this methodology to the detection of abnormally contracting segments under various conditions.2-9A computerized segmental analysis of the time relationship of regional events and wall motion velocities for the left ventricle in adults by angiographic techniques demonstrated that even in normal subjects left ventricular contraction cannot be assumed to be symmetrical or uniform. 6 The evaluation of the right ventricle by noninvasive methods has been complicated by its retrostemal location and irregular shape. Accessibility of the right ventricle to echocardiographic examination can be im-PATHOPHYSIOLOGY AND NATURAL HISTORY-CONGENITAL HEART DISEASE proved through the use of a subxiphoid approach. Problems with analysis of global function presented by the irregular shape of the right ventricle can be overcome at least in part by regional analysis of function. For example, right ventricular segmental wall motion abnormalities after infarction can be detected.'0 11 Similar analysis of right ventricular wall motion has not been performed either in normal children or in infants with congenital heart defects. This issue assumes particular importance because of the occurrence of lesions in which the right ventricle must serve as the ventricle supporting the systemic circulation. We therefore analyzed right ventricular wall motion in a group of normal infants and children and in a group of patients with transposition of the great arteries who had previously undergone an atrial switch (Senning) operation.
Methods
The study population consisted of 29 patients (age 1 day to 24 months, mean 3.3 months) without structural heart disease and 19 patients with transposition of the great arteries after Senning operation, 16 of whom (age 1 to 37 months, mean 12 months) were clinically well, and three of whom (age 32 to 82 months) were in congestive heart failure. All normal subjects were referred because of functional heart murmur and twodimensional echocardiographic examination was performed to exclude structural heart disease. Echocardiographic evaluation was performed I to 41 months after surgery in subjects with transposition. All clinically well postoperative patients were investigated at the time of routine late postoperative cardiac catheterization. The three remaining patients were evaluated at the time of presentation with symptoms of congestive heart failure.
Echocardiograms were performed with either a Diasonics CV 100 or an Advanced Technology Laboratories Mark 600 echocardiograph with the use of a 3.0, 3.5, or 5 MHz transducer. The images were recorded on standard 1/2 inch videocassette tape for subsequent computer analysis. Two subxiphoid views of the right ventricle were used for wall motion analysis: a longaxis or coronal plane view just anterior to the tricuspid valve (figure IA) and a short-axis or parasagittal plane view through the right ventricular outflow tract and the pulmonary valve (figure I B).
A Franklin Quantic 1200 echocardiographic review center was used for wall motion analysis. The end-diastolic and endsystolic frames were selected as the ones showing the largest and smallest right ventricular cross-sectional areas, respectively. The endocardial borders of these two frames were hand digitized. Minor irregularities in the endocardial border caused by trabeculations were smoothed during digitization. The endocardial border for each intervening frame was then obtained with an automatic edge-detection algorithm (Bruce Franklin, Inc.). The computer-generated borders were reviewed for accuracy and corrected as needed. The center of mass was calculated for each frame (see Appendix), and 64 equally spaced radii were drawn outward from the center of mass for each frame. The centers of mass of the end-diastolic and end-systolic frames were superimposed and the motion of each endocardial segment along its respective radius was determined. The 64 segments were then divided into four anatomic segments in each plane (infundibular, free wall, diaphragnmatic and septal; figures lA, 1 B) , and the inward motion of each anatomic segment was calculated as the average inward endocardial motion along the radii contained within that segment.
Cross-sectional long-and short-axis areas were obtained by planimetry for end-diastolic and end-systolic frames. Fractional area change (AF) was calculated as the difference between the end-systolic and end-diastolic areas divided by the end-diastolic area. Areas were adjusted for the square root of body surface area ( .BSA). long-axis view. In short-axis view, the greatest inward motion was seen in the infundibulum and the least was seen in the septum (figure 2, B). The excursion of the infundibular and diaphragmatic segments was significantly greater than the excursion of the septal segment (p < .005 and p < .05, respectively). The maximal and minimal cross-sectional areas in the long-axis plane were significantly higher than the corresponding area in short-axis view. Long-and short-axis end-diastolic areas were highly correlated with the VBSA (r = .85 for both) (table 2). The end-systolic areas were also significantly correlated with V/BSA (long-axis r .72 and short-axis r -.76; table 2). The AF was not significantly different between the two planes.
Well patients with transposition of the great arteries.
The results in patients who had undergone surgery for transposition of the great arteries and did not have congestive heart failure are given in table 3. The inward motion of the endocardium was greatest at the free wall and septal segments and least at the diaphragmatic segment (figure 2, C). The excursion of the free wall segment was significantly greater than that of the infundibular or diaphragmatic segment (p < .005 and p < .001, respectively), but was not significantly dif- ports of echocardiographic evaluation of right ventricular function in children have appeared,' 1-4 and segmental wall motion analyses and calculation of area and AF in normal children or in infants with congenital heart disease have not been published. The noninvasive technique reported here using echocardiography employs two orthogonal subxiphoid planes in which the right ventricular sinus and infundibular walls are imaged simultaneously (figures lA and lB), enabling analysis of regional wall motion of the entire circumference of the right ventricle. A floating center of mass method was used to determine the inward motion of the right ventricular wall. In each frame the centroid was calculated, and the wall motion was measured with reference to this point. By this method, all right ventricular segments for all normal subjects and patients without congestive heart failure move toward the center of mass. When this analysis was repeated with use of a fixed reference point method similar results were obtained, except in four older normal subjects in whom the septal segment moved "outward" or toward the left ventricle. D'Arcy and Nandal' and Lopez-Sendon et al. 10 independently examined right ventricular wall motion using a fixed reference point system in adult patients after ventricular infarction and considered septal motion to be normal when the septum was displaced toward the left ventricular cavity in systole and dyskinetic or paradoxic when both sides of the septum were displaced toward the right ventricular cavity. In normal infants, however, the septal surface of the right ventricle was found to move toward the ventricle during systole whether a fixed or floating point of reference was used. Only in four older subjects and by the fixed reference point method was "outward" systolic motion of the right ventricular septal surface toward the left ventricle noted. This may be related in part to the normal translational or rotational motion of the heart during contraction.'6 It is our impression that gross motion of the heart is small in newborns and infants but increases with age. The floating center of mass model may compensate for the effect of translational motion on the analysis of regional wall motion.
The patients with transpositon of the great arteries were significantly older than the normal subjects in this study. However, if there is a progression from the pattern of septal motion seen in our controls to the pattern described in adults,'0' 15 inclusion of older normal subjects would have accentuated the difference in wall motion detected in our study.
Regional wall motion. In normal subjects, all segments viewed in the long axis demonstrated a greater net excursion than the corresponding short-axis segments. Anterior-posterior motion of the heart due to contraction might result in a more anterior cross-sectional plane being recorded in systole compared with diastole, artifactually exaggerating right ventricular wall motion in the long-axis plane. However, this would not account for differences between segments or between patients. Additionally, there was no difference between AF values in the two planes, suggesting this difference was due to the greater relative size in the long-axis view.
In normal infants, the septal segment exhibited the least inward motion. In contrast, the free wall and the septal segments exhibited the greatest inward motion in the long axis in patients with transposition of the great arteries. In these patients with the right ventricle as the systemic ventricle, the transseptal pressure difference leads to displacement of the interventricular septum into the left ventricle. The resulting ventricular configuration, with the septal concavity toward the right ventricle, would be expected to facilitate motion of the septal endocardium toward the right ventricular centroid during fiber shortening.
In the three patients with transposition of the great arteries and congestive heart failure clearly different patterns of regional wall motion were observed. In patient 1, dyskinetic areas of free wall and septum, only evident in the long-axis view, were associated with poor overall systolic performance, documented by an AF of 4.4% in the long-axis view. However, in the short-axis view normal inward motion of all segments was observed. In patient 2, on the other hand, dyskinetic segments (free wall and septal) were visible only in the short-axis view, with a resulting AF in the short axis of only 3.4%. In patient 3, the dyskinetic area in the free wall segment could be seen in both planes. Additionally, decreased inward motion of all other segments led to a very low AF in both planes. In patients 1 and 2 the dyskinetic areas alone might account for the observed congestive heart failure, whereas in patient 3, global right ventricular dysfunction was present in addition to regional dyskinesis.
Right ventricular area and area changes. As expected there was a high correlation in normal subjects between the BSA and the end-diastolic area in both planes. The The three patients with congestive heart failure were significantly older as a group than the well patients, although the relationship between this and the presence of right ventricular dysfunction is uncertain. The poor correlation between the maximal and minimal areas and the BSA of patients after the Senning operation makes delineation of the "normal" area for these patients difficult, but at least in patients 2 and 3 the right ventricular cross-sectional areas appeared to be excessively large. Of interest is the fact that all patients with congestive heart failure were found to have abnormalities of regional wall motion, suggesting that this was at least in part the result of a local injury rather than a more globally acting noxious influence such as cyanosis or pressure overload. This method of regional wall motion analysis combined with AF measurements provides normal values for segmental inward motion and maximal and minimal right ventricular cross-sectional areas and AF in infants. This appears to be a sensitive technique for evaluating regional and global right ventricular function in patients with congenital heart disease. The preliminary data derived from our three patients with congestive heart failure suggest that this method will be of value in detecting the specific mechanism for poor systolic peformance of the right ventricle. Additionally, this method should be applicable to the investigation of the various patterns in which the right ventricle adapts to pressure and volume overload.
